Access to the full text of the published version may require a subscription. Abstract: The integration of block copolymer (BCP) self-assembled nanopattern formation as an alternative lithographic tool for nanoelectronic device fabrication faces a number of challenges such as defect densities, feature size, pattern transfer, etc. Key barriers are the nanopattern process times and pattern formation on current substrate stack layers such as hard masks (e.g., silicon nitride, Si3N4). We report a rapid microwave assisted solvothermal (in toluene environments) self-assembly and directed self-assembly of a polystyrene-blockpolydimethylsiloxane (PS-b-PDMS) BCP thin films on planar and topographically patterned Si3N4 substrates. Hexagonally arranged, cylindrical structures were obtained and good pattern ordering was achieved. Factors affecting BCP self-assembly, notably anneal time and temperature, were studied and seen to have significant effects. Graphoepitaxy within the topographical structures provided long range, translational alignment of the patterns. The effect of surface topography feature size and spacing was investigated. The solvothermal microwave based technique used to provide periodic order in the BCP patterns showed significant promise and ordering was achieved in much shorter periods than more conventional thermal and solvent annealing methods. The implications of the work in terms of manufacturing technologies are discussed.
Introduction
Block copolymer (BCP) lithography [1] is a "bottom-up" process relying on microphase separation of BCP thin films [2] [3] [4] to form highly ordered block arrangements as a nanopattern and offers promise for the fabrication of sub-10 nm feature sizes. Excellent control over pattern dimension and structure can be achieved in BCP systems through variation of the molecular weight (N), relative volume fraction (ɸ) and the segmental interaction parameter (χ) and a number of different morphological structures viz., lamellar, cylindrical, spherical, gyroidal, etc., [5, 6] can all be formed. There are a number of challenges which must be addressed if BCP lithography is to be implemented into a manufacturing technology. Most notably, these include: (i) pattern alignment (to a surface feature or direction) and orientation (to the surface plane), (ii) achieving patterns with long range translational order and low defectivity and (iii) achieving ultra-small, scalable pitch and feature sizes. Whilst significant progress has been made in these areas, less addressed are problems associated with their processability and with transferring these promising materials to the industrial environment. Two issues of key interest are the time taken to induce long range order in the BCP thin films and substrate surfaces (other than simple silicon termination) which are routinely used in conventional UV-photolithography. Hard masks such as silicon nitride (Si3N4) are used in substrate stacks that allow pattern transfer from low-dimension, thin polymer patterns to the substrate with high fidelity and aspect ratio [7] [8] [9] .
This work focuses on two of these issues. Firstly, the use of plasma etching to pattern transfer lithographically defined polymer topographies to the substrate is necessitated by the relatively poor etch resistance of polymers [8] [9] [10] . Whilst the majority of BCP work focusses on pattern formation at silicon substrates, it is becoming clear that the BCP pattern will be required to be transferred to a hard-mask layer before the device layer is patterned. Si3N4 is a well-used hard mask and is investigated in detail here. There are reports of the fabrication of ultrathin Si3N4 membrane by BCP lithography [8, 9] , however, directed self-assembly of BCPs has yet to be demonstrated on Si3N4 substrates. Secondly, there is a clear need to develop pattern formation techniques that are commensurate with the high wafer throughput used in the semiconductor industry [10, 11] . Here, we apply the use of the emerging microwave assisted solvothermal method (work in this area is in its infancy compared to more established methods of inducing self-assembly [2] [3] [4] ) to promote self-assembly of a polystyrene-blockpolydimethylsiloxane (PS-b-PDMS) BCP at Si3N4 substrates and demonstrate the usefulness of this approach. This BCP has particular relevance because of its high Flory-Huggins parameter (χ) [12] which allows sub-10 nm feature size scaling [13] [14] [15] [16] , whilst high etch selectivity between PS and PDMS [17] facilitates selective removal of PS to form topographical silica-like patterns [3, 4, [18] [19] [20] .
Experimental Section

Materials
The PS-b-PDMS BCP of cylindrical morphology and hydroxyl-terminated PDMS homopolymer brush used in the present investigation were purchased from Polymer Source, Inc., Montreal, Canada and the detailed characteristics are summarized in Table 1 . The substrates used were a low pressure chemical vapour deposition (LPCVD) deposited silicon nitride (Si3N4) coated substrate (resistivity, ρ = 10
-10 16
Ω·cm) on p-type silicon <100> with a surface SiO2 layer ~7 nm thick. The topographically patterned Si3N4 substrates with pitches in the range of 75-500 nm, variable mesa widths of 50-1500 nm and depth of 60 nm were fabricated via 193 nm UV-lithography and processed by means of conventional mask and etch techniques. Sulfuric acid (H2SO4), hydrogen peroxide (H2O2), ethanol, acetone, iso-propanol (IPA) and toluene were purchased from Sigma-Aldrich and used as received. Deionized (DI) water was used wherever necessary. 
Polymer Brush Pre-Coating
Diced substrates (coupons) of area 0.5 cm 2 were degreased by ultrasonication (Cole-Parmer 8891 sonicator, Cole-Parmer, Vernon Hills, IL, USA) in acetone and IPA solutions for 5 min each, dried in flowing N2 gas and baked for 2 min at 120 °C in an ambient atmosphere to remove any residual IPA. This was followed by cleaning in a piranha solution (1:3 v/v 30% H2O2:H2SO4-caution is advised as because of reactivity with organic materials) at 90 °C for 60 min, rinsed with DI water, acetone, ethanol and dried under N2 flow. A hydroxyl-terminated polymer brush solution (1.0 wt% in toluene) was spin-coated (P6700 Series Spin-coater, Speciality Coating Systems, Inc., Indianapolis, IN, USA) onto substrates at 3000 rpm for 30 s. Samples were annealed in a vacuum oven (Townson & Mercer EV018, Townson & Mercer, Manchester, UK) at 170 °C. This procedure provided chemically anchored brushes by condensation reactions between -OH groups at the substrate surface and on the brush. Unbound polymers were removed by ultrasonication and rinsing in toluene and then dried for 30 min at 60 °C in an ambient atmosphere to remove any residual toluene. As will be seen below, the brush deposition was highly successful producing hydrophobic surfaces ideal for BCP deposition. In this way, the Si3N4 surface behaves in a very similar way to bare silicon. The system focuses microwaves into a sample cavity. The system was computer controlled using CEM's Synergy™ software so that power, temperature, time and pressure could be precisely controlled. The BCP coated substrates were placed inside the reaction chamber containing toluene (anneal solvent) and irradiated with microwave energy Scheme 1 illustrates the microwave assisted solvothermal BCP self-assembly process. Target temperature control was achieved through feedback of the microwave power. Stable temperatures were reached within 20-100 s depending upon the target temperature. The anneal time (30-360 s) was defined after the target temperature was achieved. Note that the reaction vessel took about 30-100 s to cool to ambient conditions after heating. During this period, some organization and assembly of the BCP film is expected. De-wetting of the BCP film was not observed in any of the experiments.
Microwave Annealing of BCP Films
Scheme 1.
Schematic showing the process of microwave annealing of BCP films in the presence of solvent in a microwave synthesizer to achieve BCP ordering.
Plasma Etching of BCP Films
These films were difficult to study using AFM (DME 2452 DualScope Scanner DS 95, DME Nanotechnologie GmbH, Braunschweig, Germany) or SEM (Zeiss Ultra Plus-SEM, Carl Zeiss Microscopy Ltd., Cambridge, UK) because of the presence of a surface wetting layer of PDMS which had be removed to reveal the BCP arrangement [17, 21] . Samples were subjected to inductively coupled plasma (ICP) and reactive ion etches in CF4 to remove any surface PDMS layer. This was followed by an O2 plasma etch to remove PS and affect oxidation of the PDMS to yield silica-like topographies indicative of the original BCP pattern. These steps follow similar methodology developed by Ross et al. [17] and full etch details are available elsewhere [3, 4, [18] [19] [20] .
Characterization of Materials
Advancing contact angles (θa) of deionized water on the substrates were measured using a Data Physics Contact Angle OCA15 (DataPhysics Instruments GmbH, Filderstadt, Germany) goniometer. Contact angles (reproducible to within 1.5°) were measured on the opposite edges of at least five drops and averaged. PDMS brush layer and BCP thin film thickness were determined by ellipsometery (Plasmos SD2000 Ellipsometer, Philips Analytical Technology GmbH, Hamburg, Germany) at five locations on the sample surface and averaged. An Infrared Thermometer (SMART SENSOR, AR330 (−32-330 °C), Polarich Industrial Inc., Hong Kong, China) was used to measure the actual temperature of the substrates in the (BCP + substrate) systems immediately after the microwave experiment. A Varian IR 610 (Agilent Technologies UK Ltd., Stockport, UK) infrared spectrometer was used to record the FTIR spectra in the spectral range of 4000-500 cm
, with a resolution of 4 cm
and a 32 scan data average. Scanning electron microscope (SEM) images were obtained by a high resolution (<1 nm) Field Emission Zeiss Ultra Plus-SEM with a Gemini ® column operating at an accelerating voltage of 5 kV. An FEI Strata 235-Focused Ion Beam (FIB) tool (FEI UK Ltd., Cambridge, UK) was used to generate FIB lamellae cross-sections. E-beam produced platinum was deposited at the substrate followed by the ion-beam deposited platinum. Milling and polishing of the samples were carried out at the lower aperture size and the specimen was imaged under the higher resolution Zeiss Ultra Plus-SEM (Carl Zeiss Microscopy Ltd., Cambridge, UK). The transmission electron microscope (TEM) lamella specimen were prepared by the Zeiss Auriga-FIB (Carl Zeiss Microscopy Ltd., Cambridge, UK) with a Cobra ion column having a unique 2.5 nm resolution and were analyzed by FEI Titan-TEM (FEI UK Ltd., Cambridge, UK) operating at an accelerating voltage of 130 kV.
Results
Self-Assembly on Planar Si3N4 Substrates
Microphase separation in cylindrical PS-b-PDMS at silicon substrates necessitates use of a PDMS-OH brush to control surface wetting and pattern orientation. The brush results in pattern formation with a wetting PDMS layer at the gas-surface and substrate-BCP interface because of the low surface energy of PDMS and favorable PDMS-PDMS interactions at the brush-BCP interface [3, 17, 21] . The formation of this sandwich structure strongly promotes the formation of a BCP pattern where the PDMS cylinders are orientated parallel to the surface plane since any vertical orientation will lead to significant increases in surface energy. As can be seen in Table 2 , the use of the brush considerable increases the water contact angle of the substrate from quite hydrophilic values to those closer to the hydrophobicity of PDMS. Figure 1a shows oxidized PDMS cylinders (as revealed by the plasma etch) formed from the BCP PS-b-PDMS film on a PDMS-OH brush coated (thickness, ~4 nm (Table 2) ) planar Si3N4 substrate following microwave processing (50 °C for 30 s). The high resolution cross-section TEM image in Figure 1b shows a single monolayer of PDMS cylinders and demonstrates the efficacy of the etch chemistry to reveal the cylindrical patterns (~16 nm in diameter). It is clear from the data in Figure 1a ,b that well-ordered phase separation is seen over macroscopic distances (see Figure A1 for a lower magnification SEM image showing large area self-assembly). Note that no ordered self-assembly is seen in similar films exposed to the same solvent at the same temperature in the absence of microwave irradiation (see Figure A2 ). This suggests that the microwave annealing method promotes sufficient molecular motion for the BCP to reach its' thermodynamic minimum. The mean PDMS cylinder spacing (cylinder centre-to-centre), L0, and line width, <d>, were found to be 33.0 nm and 16.0 nm, respectively. It can also be seen from the image that the oxidized PDMS domains are somewhat rounded during the etch process but this may reflect the shape of the original PDMS cylinders rather than an etch-related process. The oxidation of the PDMS cylinders during this etch step is confirmed by FTIR with the detection of a Si-O-Si signal at 1100 cm −1 [22] as displayed in Figure 1c . De-wetting is a major issue with high χ BCP systems such as PS-b-PDMS and this can lead to the formation of BCP island structures at the substrate surface upon solvent annealing this polymer for extended times [23] . However, it should be noted that the 1.0 wt% BCP in toluene solution used in film casting provided a continuous film (film thickness, ~34 nm (Table 2) ), i.e., close to the 33 nm BCP domain spacing) and de-wetting was not observed after microwave irradiation. The formation of a highly coherent film is related in part to the interfacial energy similarity of the PDMS-brush surface and the segregated BCP film (PDMS sandwich structure). However, thicker films showed significant roughness and de-wetting and we believe that the additional thermodynamic stability of the single cylinder "monolayer" film structure [3, 4] plays an important role in the coherence of these films. This coherence is a significant advantage for application of these films (particularly for subsequent pattern transfer to underlying silicon substrate that would be needed in industry). It should also be noted that the good wetting of the substrate might be related to the efficient heating of the sample and short treatment periods that limit solvent condensation [23] . It should be emphasized that the regularity and structural order of the patterns indicate that the surface interactions between the BCP and the brush coated surface are significantly robust to survive the microwave processing and, in particular, thermal and mechanical strains that must exist at the interfaces. 
Effect of Anneal Time on Self-Assembly
The effect of microwave anneal time of the microphase separation of PS-b-PDMS is shown in Figure 2 . Anneal times were varied from 15-360 s at a constant temperature of 50 °C. It can be seen immediately that shorter anneal periods give more regular patterns with greater domain persistence lengths and lower dislocation and disclination (examples shown in figure) defect densities. This disorder obviously represents kinetic effects. It is suggested that initial microwave treatment results in the formation of regular patterns since as spun films showed no long-range order. At longer time periods, the film appears to move through an order-disorder transition and becomes significantly less well-ordered [24, 25] . This may be explained by increased solvent swelling as the exposure to solvent during irradiation is increased. It is well known that the presence of solvent molecules decreases the repulsive interactions of the blocks and leads to a decrease in χ [26] and subsequently higher defect densities. For these BCP films, L0 and <d> were very similar to the values noted above and at average values of 32.7 nm and 16.0 nm, respectively. The similarity of the values suggests that the majority of the solvent evaporates on removal from the microwave/solvent environment. 
Effect of Anneal Temperature on Self-Assembly
As could be expected, nanopattern formation via BCP self-assembly is influenced by the anneal temperature. Figure 3 shows the temperature evolution of PS-b-PDMS BCP ordering in the temperature range of 50-150 °C at a chosen time of 30 s. This time period was judged to be optimal based on the data provided above in Figure 2 . In Figure 3 , it is evident that the correlation length of the in-plane PDMS cylinders decreases and the number of defects increase with the temperature used. Small changes in the dimensions of the pattern were also observed with a minor increase in L0 and a small decrease in <d> being observed with increasing temperature. The values at the highest temperatures were found to be 33.4 nm and 15.8 nm, respectively. These data can be relatively easily explained by the solvent swelling effects used to explain the time evolution of the patterns as discussed above. Solvent swelling is expected to increase with temperature [27] [28] [29] and one might expect a continual decrease in the Flory-Huggins interaction parameter [28, 30] as temperature increases. That said, there may also be a true order-disorder temperature (representing the equilibrium nature of the microphase separation process). However, we favor the solvent swelling explanation based on the dimensions of these films. The solvent used for annealing was toluene which strongly favors the PS component. During solvo-microwave annealing, one would thus expect increased solvent swelling to increase the volume of the PS matrix (expanding the cylinder-cylinder spacing) which would then result in a compressive stress on the PDMS cylinders reducing their diameter. During sample removal, the system does not have significant time to completely relax towards the dimensions recorded above. Further, we recorded the temperature profiles from the in-build sensor in the microwave chamber ( Figure 4 ) in order to understand the effect of substrate temperature during microwave anneal on self-assembly. Representative data shown in Figure 4 reveal that the actual temperature remains very close to the set temperature in an annealing experiment suggesting that local heating effects at the surface were not important. This was further verified by measuring the actual temperature of the substrates in the (BCP + substrate) system using an infrared thermometer. It has been found that the measured substrate temperatures were only 2-5 degrees lower (within experimental error) than the set temperature in the microwave experiment. These temperature data substantiate that the substrate remains in equilibrium with the set temperature of the microwave experiment and the singular responsibility of the microwave irradiation in driving BCP self-assembly. 
Directed Self-Assembly by Microwave Irradiation
The true potential of BCP self-assembled patterns can be realized only if long-range periodic and translational alignment can be achieved [31] . Directed self-assembly of PS-b-PDMS on topographic patterns has been demonstrated in a number of articles [3, 4, 19, 21, [32] [33] [34] [35] [36] [37] [38] . Further, Buriak et al. has shown the effectiveness of microwave assisted method to guide cylinder-forming PS-b-PMMA and PS-b-P4VP BCPs on topographically patterned substrates [39] . Microwave assisted graphoepitaxial alignment of PS-b-PDMS was attempted here in order to properly define the usefulness of the methodology for producing patterns at Si3N4 substrates. The BCP coated substrate was placed in a reaction tube partially filled with solvent (described in Scheme 1), sealed and then irradiated with microwave energy and the directed self-assembly process steps are shown in Scheme 2. Top-down SEM image of a section of the patterned Si3N4 substrate along with corresponding TEM cross-sections are provided in Figure A3 . The patterned Si3N4 substrates were pre-coated with the PDMS-OH polymer brush as described above for planar wafers prior to BCP deposition. Samples were microwave annealed at 50 °C for 30 s in the presence of toluene and then subjected to sequential CF4 and O2 etches to reveal the PDMS cylinders. Data presented in Figures 5 and 6 show that the brush induced microphase separation with the cylinders of the hexagonal structure preferentially aligned to the topographic channel direction. The observation of parallel alignment of the PDMS domains along the trenches is consistent with the thermodynamically most favorable graphoepitaxial alignment to minimize the strain in the microdomain lattice [14, 16] .
From Figures 5 and 6 , it can be immediately seen that the film deposition results in quite different patterns in different types of topography. When the mesa and channel widths are relatively small, the BCP is mainly confined to the channels whilst the mesas are largely void of the polymer ( Figure 5 ). In contrast, as per Figure 6 , the BCP is not confined to the channels and significant polymer resides at the mesas (i.e., the exterior surface of the patterns). Measurement of the final thickness of the BCP film on the trenches and on the mesas revealed that the film is relatively thicker on the trenches (~36 nm) compared to the mesa (~32 nm). The results were highly reproducible on different substrates and different substrate regions. It is suggested that this is due to complex mechanical effects that are manifest on these topographically patterned substrates during spin-coating and are due to the surface roughness of the as-spun films. Spin-coating will tend to produce films that follow the surface topography, i.e., a series of hills and valleys. The film topography would be expected to have high surface energy due to the roughness (although note that the bare topographically patterned surface is innately of high surface energy but is mechanically robust). At the smaller channel/mesa dimensions, the additional surface energy will become increasingly significant in comparison to a uniform thickness polymer film due to the increased slopes of the features and the density of the features. We thus suggest, that at the smaller dimensions, the surface energy of the surface formed during spin-coating provides a driving force towards planarization of the film and only the channels are filled with little polymer at the surface of the mesas. For the larger channel/mesa dimensions, the surface roughness and surface area are much reduced and the valley sides much less sharp and mechanically more robust. In this way, the more expected undulating film structure is observed. During solvent annealing, this effect is compounded by mass transport limitations but we believe this is a secondary effect as even very long solvent anneal times did not significantly change the distribution of the polymer. The quite different film morphologies combined with dimensional effects result in quite markedly different BCP alignment. In Figure 5 , where the Si3N4 channel widths and pitches are within the ranges of 50-200 nm and 50-200 nm, respectively, highly aligned features within the channels can be seen at channel widths of 50, 100, 150 and 200 nm. It should be noted that 50 nm corresponds almost exactly to a value of 1.5 × L0 (assuming L0 = 33.4 nm as measured above) and, thus, the channel sizes reported are near perfect match for a graphoepitaxial alignment of the cylindrical structure and almost defect free arrangements are observed. This is true even when there is clear variation in the topography due to imperfect substrate patterning. It is interesting to note that the cylinders are not formed at the side wall and are separated by the PS matrix. This does seem counter intuitive because of favourable PSMS brush-PDMS BCP interactions. However, we might suggest that a wetting layer of PDMS exists at the channel sidewall similar to that existing at the interface of planar substrates. However, it cannot be resolved in the SEM micrographs due to the chemical similarity (and hence SEM contrast) of the etched PDMS and silica/silicon nitride.
Whilst, alignment is almost perfect in Figure 5 , it can be seen in Figure 6 that the BCP pattern became disordered at the mesas when the mesa width was increased to 500 nm. The mesa width seems to be the critical parameter since data shown in Figure 6 include channel widths of 150 and 200 nm where low defectivity alignment was observed at narrow mesa widths. Some alignment is seen in all the images but the defectivity is much higher with dislocation and disclination type defects observed. Since the BCP in the channel and at the mesa is connected, it might be considered that the topographically imposed alignment effects are weakened at the mesas. Further, the mesas are relatively wide compared to L0 and it is, therefore, expected that BCP at the mesas would not be as well aligned. This appears to be true since at the largest mesa width of 1500 nm, the mesa has a "fingerprint" alignment typical of that seen on planar substrates. In this case, this pattern extends through the channel towards the next mesa and little topographical alignment is seen. For lower mesa dimensions (500 nm), the pattern demonstrates a tendency for alignment but there is still pattern extension from channel to mesa.
Discussion and Conclusions
The development of materials such as Si3N4 hard masks is critical to continued scaling in the microelectronics area. BCP lithography might afford practical and inexpensive means to pattern substrates without the need to develop very expensive advances in UV photolithography. However, BCP techniques have been seldom applied to Si3N4 materials particularly ones that have been topographically patterned to direct their self-assembly. In this work, we show that Si3N4 substrates can be patterned relatively easily using conventional techniques. This is probably related to the thin silicon oxide films that are present. Graphoepitaxial methods for the directed self-assembly of the BCP proved successful with excellent alignment of the PDMS cylinders observed. The topography used here was consistent with production of low defect densities and further that the variation in channel width controls the number of cylinders within a channel. Interestingly, there appeared to be a critical topographical dimension beyond which the BCP formed a continuous film over the substrate topography (filling channels and mesas) instead of being confined to the topographical channels. Whilst this film arrangement may be readily rationalized, it is clear that these effects can prevent ideal alignment of the structure beyond what might be achieved from the topography which defects at the mesas being radiated into the channels. This deposition related artifact may be critical to the introduction of these techniques into microelectronic fabrication and requires careful attention as suggested by Morris et al. [40] in previous work.
It is also suggested that microwave assisted solvent annealing might be an effective form of processing to yield well-ordered microphase separated BCP patterns. The patterns appear to have similar structure and arrangement to films formed by conventional methods [10] [11] [12] [13] . The technique does not appear to noticeably worsen surface wetting, domain persistence length or alter structural dimensions when compared to similar compositions of BCPs. However, the key advantage is the ability to form these well-ordered patterns in periods of less than a minute and hence be consistent with large scale manufacturing. It should be noted that toluene is not considered as a fab friendly solvent by the microelectronics industry and there is further scope for investigating and developing microwave based methods that use solvents other than toluene (both as casting and anneal solvents). Acknowledgments Figure A3 shows a top-down SEM image of a section of the patterned substrate along with corresponding cross-sections. The inset cross-section SEM image clearly shows three distinct layers in the order Si3N4-SiO2-bulk silicon from top to bottom. A channel depth of ~60 nm can be seen in the image. The high resolution cross-section images of the channel base and top of the mesa shows the presence of a very thin (~1.5 nm) SiO2 layer. This oxide layer might have formed at the time of LPCVD deposition and etch pattern development. This oxide player is probably why the films behave in ways similar to silicon [3, 4, 19] and provide little barrier to exploitation. 
